Feeding of 4-methoxycinnamic acid, 3,4-dimethoxycinnamic acid and 3,4,5-trimethoxycinnamic acid to cell suspension cultures of Vanilla planifolia resulted in the formation of 4-hydroxybenzoic acid, vanillic acid, and syringic acid, respectively. The homologous 4-methoxybenzoic acids were demethylated to the same products. It is concluded that the side chain degrading enzyme system accepts the 4-methoxylated substrates while the demethylation occurs at the benzoic acid level. The demethylating enzyme is specific for the 4-position. Feeding of [10_4C-methyl]-3,4-dimethoxycinnamic acid revealed that the first step in the conversion is the glycosylation of the cinnamic acid to its glucose ester. A partial purification of a UDP-glucose: transcinnamic acid glucosyltransferase is reported. 4-Methoxy substituted cinnamic acids are better substrates for this enzyme than 4-hydroxy substituted cinnamic acid. It is suggested that 4-methoxy substituted cinnamic acids are intermediates in the biosynthetic conversion of cinnamic acids to benzoic acids in cells of V. planifolia.
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Inhibition of 4CL4, an important enzyme of lignin biosynthesis, under in vivo conditions by 3,4-(methylenedioxy)-cinnamic acid resulted in a considerably reduced formation of ligneous material with a simultaneous formation of significant amounts of vanillic acid (3) . An enzymatic system converting cinnamic acids into benzoic acids was shown to be present within the cultivated cells. Furthermore, it was concluded that 4CL and CoA-esters most likely are not involved in the biosynthesis of vanillic acid (3) . The fact that the cell culture produces vanillic acid under certain conditions offers a tool to study the enzymes involved in the biosynthesis of this C6-C1 compound.
In our search for an efficient 4CL inhibitor 4-methoxycinnamic acid and 3,4-dimethoxycinnamic acid were also tested (3) . Addition of these cinnamic acids to suspension cultures of V. planifolia resulted in the formation of 4-hydroxybenzoic acid and vanillic acid, respectively. This observation was a first indication that 4-methoxy substituted cinnamic acids are metabolized by the cells and that they may be intermediates in the biosynthesis of C6-CI compounds. In the present paper we report on extended studies on the possible role of 4-methoxycinnamic acids as intermediates in the biosynthesis of 4-hydroxybenzoic acids in cell cultures of V. planifolia.
Studies on the biosynthetic pathway leading from C6-C3 compounds of the general phenylpropanoid pathway (i.e. cinnamic acids) to C6-C1 compounds (i.e. benzoic acids) in cells of higher plants have recently been initiated in our laboratory. To this end, cell suspension cultures of Vanilla planifolia Andr. have been initiated (2) . No C6-CI compounds could, however, be isolated from this culture under normal growth conditions (2) . Elicitation of the cell culture with chitosan resulted in an activation of the general phenylpropanoid metabolism (i.e. induction of various enzymes of this pathway) leading to an increased formation of ligneous cell wall materials (2 
Enzyme Extractions and Assays
Extraction of cells and desalting of extract were performed as previously described (2) . The protein concentration was determined by the Bio-Rad protein assay with bovine gamma globulin as standard. ,Amol sodium phsophate (pH 7.5), 1 ,mol ATP, 1 ,umol MgCl2, and 0.5,mol substrate (sodium salt ofthe appropriate cinnamic acid) in a total volume of 1.0 mL. The reaction was started by addition of 0.1 tmol CoA and the increase in absorbance at the appropriate wavelength was recorded. Extinction coefficients were used as published (4). UDP-Glucose: trans-Cinnamic Acid Glucosyltransferase GT activity was routinely determined in a spectrophotometric assay (9). For the determination of the substrate specificity of GT an assay using UDP-1-3H-glucose was employed, because absorption maxima and extinction coefficients of the different substrates/products were unknown.
In a total volume of 500 gL 50 mm sodium phosphate buffer (pH 7.0), substrate (0.25 ,umol; sodium salt of the appropriate cinnamic acid, 3,4-dimethoxycinnamic acid for the standard spectrophotometric assay), and enzyme solution (50-300 ,uL) were preincubated until a stable absorption at 346 nm was obtained. Then, for spectrophotometric assay, UDPG (0.25,umol) was added and the increase in absorption at 346 nm recorded. The extinction coefficient for 3,4-dimethoxy-cinnamoylglucose ester was determined to be 1726 L/ mol cm using glucose ester isolated from cell suspension cultures after 3,4-dimethoxycinnamic acid feeding. To calculate the GT activity an extinction coefficient of 851 L/molcm was used. This coefficient is the difference between the extinction coefficient of 3,4-dimethoxycinnamic acid and that of 3,4-dimethoxy-cinnamoylglucose ester at 346 nm. For the radioactivity assay the UDPG solution also contained 0.1,uCi of UDP-[ 1-3H]glucose and the amount of formed product was determined after incubation at 30°C for 15 min by HPLC and a radioactivity flow detector.
Partial Purification of UDP-Glucose: trans-Cinnamic Acid Glucosyltransferase
The determination of GT activity in crude extracts of V. planifolia cells was complicated by the relatively high ,Bglucosidase-activity present which hydrolyses the product of the GT reaction. Therefore, a partial purification of GT was required for the determination of substrate specificity of GT.
All the purification steps were carried out at 4°C. Cells (90 g fresh weight), harvested at the early stationary growth phase, were homogenized in 50 mM Tris buffer (200 mL) pH 8.0, containing 5 mM DTT and PVPP (8 g). After centrifugation (15 min, 12000g) ammonium sulfate (56 g) was added to the supernatant (204 mL) to give 45% saturation. After a second centrifugation the supernatant (250 mL) was brought to 60% saturation ammonium sulfate (25 g) and centrifuged again. The pellet was dissolved in 6 mL of the same buffer and desalted over Sephadex G-25 columns.
A DEAE-Sepharose column (1.5 x 10 cm) was equilibrated in 50 mM Tris buffer (pH 8.0) supplemented with 1 mm DTT at a flow rate of 1 mL/min at room temperature. The desalted sample was applied and proteins were eluted with a linear gradient of NaCl (0-0.5 M) in the same buffer (400 mL). Fractions containing GT activity were pooled and used for determination of substrate specificity.
RESULTS AND DISCUSSION

Feeding of 4-Methoxycinnamic Acids
The metabolic conversion of 4-methoxycinnamic acid, 3,4-dimethoxycinnamic acid and 3,4,5-trimethoxycinnamic acid by cell suspension cultures of Vanilla planifolia was investigated. The former two compounds were selected for these experiments because in preliminary experiments it was observed that they were metabolized by the cells (3). Furthermore, all three compounds are poor substrates for 4CL (see below) and thus they are not expected to be incorporated into ligneous material to any great extent.
The three 4-methoxy substituted cinnamic acids were converted to the corresponding 4-hydroxybenzoic acids by the cells as summarized in Table I . The yields of the 4-hydroxybenzoic acids were 30, 6, and 2% 24 h after feeding 4-methoxycinnamic acid, 3,4-dimethoxycinnamic acid and 3,4,5-trimethoxycinnamic acid, respectively. Furthermore, the homologous 4-methoxybenzoic acid and 3,4-dimethoxybenzoic acid were demethylated to the corresponding 4-hydroxybenzoic acids by the cells (Table I ). The demethylation reaction appears to be specific for the 4-position as no isovanillic acid could be detected after feeding 3,4-dimethoxybenzoic acid. This conclusion is further supported by the fact that no 3-hydroxybenzoic acid was found in the culture after feeding 3-methoxycinnamic acid (data not shown). The relatively rapid demethylation of the benzoic acids may indicate that the side chain degrading reaction may be the rate limiting step in the conversion of 4-methoxycinnamic acids to 4-hydroxybenzoic acids in these cultivated cells. was isolated from cell free extracts by preparative TLC. 'H-NMR analysis of the isolated substance confirmed that the cells produce vanillic acid after feeding 3,4-dimethoxycinnamic acid.
Furthermore, addition of 3,4,5-trimethoxycinnamic acid (1 mM) to the medium resulted in the formation of syringic acid (data not shown). None of the three benzoic acids produced after addition of the 4-methoxycinnamic acids are found in control cultures under the conditions employed.
From these feeding experiments (Table I: Figs. 1 and 2A) it may be concluded that the enzymatic system converting 4-methoxycinnamic acids to the corresponding 4-hydroxybenzoic acids shows the highest activity toward monosubstituted acids.
It is interesting to note that the intermediate 3,4-dimethoxybenzoic acid can be isolated 70 h after feeding of 3,4-dimethoxycinnamic acid (data not shown). Apparently, the sidechain degrading enzyme system accepts 3,4-dimethoxycinnamic acid (or other 4-substituted methoxycinnamic acids) as substrate. The demethylation step appears to occur at the benzoic acid level. A similar demethylation step has been reported for suspension cultures of Glycine max, converting fed 3,4-dimethoxybenzoic acid to vanillic acid (6) . In addition to the three 4-methoxy-substituted cinnamic acids discussed above, isoferulic acid, also containing a methoxy group in the 4-position, was fed to the V. planifolia cells. Within 24 h after feeding, 2.5% of the fed precursor had been converted to vanillic acid (Table I) . No isovanillic acid could be isolated from the cells. However, relatively large amounts of 3,4-dimethoxycinnamic acid were found in the extracts (Table I) . Consequently, an initial methylation of isoferulic acid to 3,4-dimethoxycinnamic acid appears to take place with subsequent conversion to vanillic acid as described above.
The vanillic acid accumulation after feeding of 3,4-dimethoxycinnamic acid is not affected by the addition of ferulic acid (Fig. 2B) First, attempts were made to identify some intermediates in this conversion by HPLC analysis of various extracts. Figure 3A shows a HPLC-radiochromatogram of an extract of cells harvested 85 h after addition of '4C-labeled 3,4-dimethoxycinnamic acid to the medium. Three radioactive metabolites (peaks 1, 2, and 4) are seen in this chromatogram. Mild alkaline hydrolysis of the same extract results in the conversion of peaks 2 and 4 into 3,4-dimethoxybenzoic acid (peak 5) and 3,4-dimethoxycinnamic acid (peak 6), respectively (Fig. 3B) . ,B-Glucosidase treatment, on the other hand, affects all three metabolites (Fig. 3C) . The third compound (peak 1) is converted to vanillic acid by the enzymatic treatment. The alkaline treatment results in the hydrolysis ofesters while the enzymatic treatment results in the hydrolysis of glucose esters, as well as, of glycosides. Consequently, it may be concluded that 3,4-dimethoxycinnamic acid and 3,4-dimethoxybenzoic acid are present in the cells as 1-O-acylglucose esters (peaks 2 and 4), while vanillic acid is found as the 4-0-glycoside (peak 1). The formation of glucose esters of phenylpropanoid metabolism intermediates has been observed in other plant species (5, 8) . Furthermore, it has been shown that such glucose esters may function as activated reactants in transacylation reactions (1) . A UDPG:t-cinnamate glucosyltransferase involved in the biosynthesis of chlorogenic acid biosynthesis has been purified from roots of sweet potato and partly characterized (7).
In an extended feeding experiment [3-0-'4C-methyl]-3,4-dimethoxycinnamic acid was added to suspension cultures of V. planifolia. After 5 h, 80% of the radioactivity had been taken up by the cells as shown in Figure 4 . At this point about 65% of totally fed radioactivity could be extracted with buffer, while an additional 10% were extractable from cell debris by alkaline treatment (1 N NaOH, 4°C, 16 h).
The composition of the buffer extractable radioactive metabolites was further analyzed by HPLC as a function of incubation time. The conversion of '4C-labeled 3,4-dimethoxycinnamic acid into various metabolites is shown in Figure 5 (in percentage of total fed radioactivity). The fed substance is rapidly esterified by the cells to 3,4-dimethoxycinnamoylglucose ester, which reaches a maximal concentration 7 h after feeding. Three h after feeding, 3,4-dimethoxybenzoic acid can be detected, while vanillic acid glycoside is first detectable after 7 h (see inset, Fig. 5 ). Measurable concentrations of 3,4-dimethoxybenzoylglucose ester are seen 24 h after feeding of 3,4-dimethoxycinnamic acid. The relatively high incorporation rates into the various metabolites (5-20% of fed radioactivity) strongly indicates that a multistep enzymatic conversion of the fed precursor is taking place. The first reaction of this conversion, i.e. the glycosylation of 3,4-dimethoxycinnamic acid to the corresponding glucose ester, may be regarded as a detoxifying reaction. It is, however, interesting to note that only 4-methoxylated cinnamic acids are converted to glucose esters by cells of V. planifolia. No glucose esters could be detected when 4-hydroxycinnamic acids (i.e. coumaric, ferulic, or sinapic acid) were added to the culture. From this substrate specificity of the glucose transferase it may be assumed that the glucose esters of the 4-methoxycinnamic acids are actually involved in the biosynthesis of 4-hydroxybenzoic acids. The nature of this involvement is at present unknown. It may, however, be speculated that the glucose esters serve as activated intermediates in the side chain shortening reaction or as storage and/or transport forms of the methoxycinnamic acids. Consequently, the 3,4-dimethoxycinnamoylglucose ester may be regarded as a direct precursor of vanillic acid in cells of V. planifolia. Thus, GT, catalyzing the glycosylation reaction, would be an important enzyme directly involved or related to the biosynthesis of C6-C,-compounds in these cells. Therefore, additional experi- UDP-Glucose: trans-Cinnamic Acid Glucosyltransferase The determination of GT activity in crude extracts of V. planifolia cells was complicated by the relatively high ,Bglucosidase-activity present which hydrolyses the product of the GT reaction. Therefore, a partial purification of GT was required for these experiments. The purification involved ammonium sulphate precipitation and subsequent chromatography on DEAE-Sepharose, as summarized in Table II. The yield cannot be accurately determined due to the f3-glucosidase activity present in the crude extract. The partially purified GT was completely free from ,3-glucosidase activity.
The substrate specificity of the partly purified GT was determined and compared to that of a crude preparation of 4CL, an important enzyme of lignin biosynthesis. In Table III the relative activities of these two enzymes with various 4-hydroxy and 4-methoxy substituted cinnamic acids as substrate are listed. It is evident that 4-methoxycinnamic acids are very poor substrates for 4CL while the 4-hydroxy substituted compounds are good substrates. In line with this substrate specificity ferulic acid and sinapic acid were effi- Fig.   1 ), which is also the best substrate for GT (Table III) . 3-Methoxy cinnamic acid is efficiently glucosylated by the partly purified GT (Table III) . Under in vivo conditions this reaction takes place, but no further conversion of the glucose ester by the side chain degrading enzyme system appears to occur (data not shown). Obviously, the side chain degrading enzyme system is also specific for 4-methoxy substituted intermediates.
CONCLUSIONS
Phenylpropanoid metabolism in cells of Vanilla planifolia may lead to different product formation depending on culture conditions. The formation of ligneous material via hydroxycinnamic acid CoA-esters is one of the major pathways under normal growth conditions (2) . A shift of the metabolic flow into the formation of benzoic acids may be obtained by inhibiting 4CL, an important enzyme of lignin biosynthesis (3). Furthermore, feeding of 4-methoxycinnamic acids results in the formation of 4-hydroxybenzoic acids. Based on these findings it may be assumed that the methylation of 4-hydroxycinnamic acids (e.g. coumaric or caffeic acid) is an important step in the biosynthesis of C6-C,-compounds. An 0-methyltransferase specific for the para position of hydroxycinnamic acids would thus be the key enzyme. The branching point in the general phenylpropanoid pathway has to be located before ferulic acid, since this compound is not converted to vanillic acid (3) . At present we are, therefore, concentrating our efforts on finding a para specific O-methyltransferase active with coumaric acid and caffeic acid as substrate. The substrate specificities observed for the subsequent enzymes, i.e. the glucosyltransferase, the side chain degrading enzyme system and the 4-demethylase, further supported the hypothesis that 4-methoxycinnamic acids are intermediates in the biosynthesis of 4-hydroxybenzoic acids in cells of V. planifolia.
